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The past few years witnessed the extremely rapid devel-
opment of organic–inorganic halide perovskite (OIHP) 
photovoltaics. The power conversion efficiency (PCE) of 
small-size (typically <15 mm2) perovskite solar cells has 
rocketed from 3.8% to a certified 22.1%, approaching 
that of commercialized rivals, such as polycrystalline 
silicon, cadmium telluride (CdTe) and copper indium 
gallium (di)selenide (CIGS) photovoltaics. The param-
eters that determine the PCE are described in BOX 1. 
Benefiting from their ionic nature, the semiconductors 
in the OIHP material family have good solubility, which 
enables versatile low-temperature solution processes 
(including spin-coating, dip-coating, spray-coating, 
ink-jet printing, doctor-blading and slot-die coating), 
many of which are scalable and are thus compatible 
with roll-to-roll large-scale manufacturing processes. 
By contrast, these OIHP materials can also be deposited 
as films by vacuum-based techniques, such as thermal 
evaporation, which have yielded devices with similar 
performance to those made by solution processes. If 
the films are properly processed to eliminate the cur-
rent leakage spots, OIHP solar cells can also be superior 
to other solution-processed solar cells, such as organic 
photo voltaic (OPVs), because they can be scaled up 
to a reasonably large area of 1 cm2 or larger without a 
significant reduction of the PCE. The PCEs of large-area 
perovskite devices (1 cm2) are currently approaching 
those of small area devices1. This is still challenging in 
OPVs because of the short charge-collection length in 
organic semiconductors, which is limited by their low 
carrier mobility, although current-leaking-free OPVs 
can be easily formed by increasing the thickness of the 
photoactive layer and charge transport layer. The last 
piece of the puzzle is to find out whether large-area 
devices fabricated using scalable fabrication process can 
retain their high efficiency.
Despite the incredible progress in efficiency enhance-
ment for perovskite solar cells, there are still many 
obstacles on their way towards commercialization. Low 
thermal stability2,3, low resistance to moisture4,5 and 
the toxicity of lead are still clouds on the horizon with 
the current workhorse OIHP materials. New materials 
need to be designed and developed to overcome these 
obstacles; however, numerous attempts have resulted 
in very limited success. Direct analogies to current per-
ovskite materials have been made to design new mat-
erials, but none of these have shown promising device 
performance. Moreover, clear design rules for the next 
generation of materials are lacking. Thus, it is necessary 
to summarize the findings of the perovskite photovoltaic 
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Abstract | New photovoltaic materials have been searched for in the past decades for clean and 
renewable solar energy conversion with an objective of reducing the levelized cost of electricity 
(that is, the unit price of electricity over the course of the device lifetime). An emerging family of 
semiconductor materials — organic–inorganic halide perovskites (OIHPs) — are the focus of the 
photovoltaic research community owing to their use of low cost, nature-abundant raw materials, 
low-temperature and scalable solution fabrication processes, and, in particular, the very high 
power conversion efficiencies that have been achieved within the short time of their 
development. In this Review, we summarize and critically assess the most recent advances in 
understanding the physical properties of both 3D and low-dimensional OIHPs that favour a small 
open-circuit voltage deficit and high power conversion efficiency. Several prominent topics in  
this field on the unique properties of OIHPs are surveyed, including defect physics, ferroelectricity, 
exciton dissociation processes, carrier recombination lifetime and photon recycling.  
The impact of ion migration on solar cell efficiency and stability are also critically analysed.  
Finally, we discuss the remaining challenges in the commercialization of OIHP photovoltaics.
community for what makes lead halide perovskites 
exceptional for solar cell applications. The understand-
ing is crucial for the further improvement of perovskite 
solar cells and for the development of next-generation 
photovoltaic materials beyond OIHPs. In this Review, 
on the basis of the most fundamental material and 
physical properties, we critically assess the advances in 
understanding the unique fundamental optoelectronic 
properties of OIHP materials that explain why they work 
so well for solar cells, and discuss several unique char-
acteristics, such as the influence of ion migration on the 
device performance.
Charge recombination in perovskites
Light absorption and charge generation. A good photo-
voltaic material should have a large absorption coeffi-
cient. Besides efficient light harvesting, a large absorption 
coefficient also contributes to a large open-circuit volt-
age (VOC), because the material would require only a thin 
active layer to fully absorb light with energy above the 
bandgap, which can reduce the charge recombination- 
induced saturated dark current. This is described by the 
Shockley–Queisser model of the relationship between the 


















where k is the Boltzmann constant, T is the tempera-
ture, q is elemental charge, JSC is short-circuit current 
density, J0 is initial current density, ND is the doping 
concentration, τeff is the effective carrier recombination 
lifetime, ni is the intrinsic carrier concentration and d is 
the thickness of the light absorber. Hybrid perovskites 
are among the most efficient photovoltaic absorbers; for 
example, the absorption coefficient of methylammo-
nium lead iodide (MAPbI3) (>3.0 × 104 cm−1 in the visible 
light region) is more than one order of magnitude larger 
than that of silicon. As a result, the thickness of most 
reported high-efficiency OIHP solar cells is in the range 
of 0.3–0.6 μm (REFS 7,8), whereas crystalline silicon solar 
cells are usually about 300 μm thick9. State-of-the-art 
scalable coating technologies, such as blade-coating, can 
deposit perovskite films with sub-micrometre thickness. 
A thin photoactive layer also requires less material and 
is thus lower in cost. The strong absorption of MAPbI3 
has been attributed to its direct bandgap and Pb 6p–I 5p 
transitions10–12.
A major form of VOC loss in solution-processed OPVs 
is the loss of energy to separate light-generated Frenkel 
excitons, which have large binding energies in the range 
of 0.2–1.0 eV (REF. 13). As a consequence, a donor/acceptor 
heterojunction interface with a large energy offset 
(>0.3 eV) is necessary in OPVs to provide the internal 
electrochemical driving force for exciton dissociation. 
The exciton binding energy (EB) is the energy required to 
dissociate excitons into free charge carriers before they 
can be collected. For photovoltaic applications, a small 
EB is favourable to minimize the energy loss. For exam-
ple, many inorganic semiconductors exhibit easy charge 
separation owing to their small binding energies (Si: 
~15 meV (REF. 14); GaAs: ~4 mV (REF. 15)), because the 
thermal energy at room temperature is sufficiently large 
to dissociate excitons. The hybrid nature of MAPbI3 
makes one wonder whether its behaviour, with respect 
to free charge generation, is similar to that of inorganic 
or organics materials. To answer this question, the EB 
in MAPbI3 has been intensely studied by methods such 
as dielectric constant measurement16, optical spectros-
copy17 and magnetoabsorption spectroscopy18, with 
reported values varying from just 2 meV (determined 
using static dielectric constant, εsʹtatic = 70) to 75 meV 
(REFS 16–21) (FIG. 1a). Nevertheless, according to numeri-
cal simulations, the free charge dominates the photogen-
erated species under solar cell operating conditions, even 


















































Box 1 | Open-circuit voltage deficit in OIHP solar cells
The power conversion efficiency (PCE) of a solar cell is determined by the product of 
short-circuit current density (JSC), open-circuit voltage (VOC), and the fill factor (FF).  
One significant feature of high-efficiency organic–inorganic halide perovskite (OIHP) 
solar cells is the small VOC deficit, which is defined by Eg/q − VOC, where Eg is the optical 
bandgap and q is elemental charge. As shown in the figure, the VOC deficit in the best 
OIHP solar cells (~0.37 eV) is much smaller than that of organic (>0.6 eV) and quantum 
dot solar cells, and is even smaller than that of inorganic c-Si (0.44 eV) and close to that 
of copper indium gallium (di)selenide (CIGS) solar cells (0.38 eV). It is noted that the  
VOC deficits are compared among record efficiency solar cells, which have relatively 
large JSC and FF, indicating that charge collection is not limited by the photoactive layer 
or the interfaces in these devices. Although a relatively small VOC deficit has also been 
recently observed in some organic solar cells, these devices generally have much 
smaller JSC and FF. Because most OIHP solar cells are fabricated by low-temperature 
solution processes, such a small VOC deficit is commendable. There has been much 
research undertaken to understand the origin of the high VOC of perovskite solar cells; 
this constitutes a major proportion of this Review.
The maximum VOC of a solar cell is set by the Shockley–Queisser (SQ) limit, VOC
SQ 
(REF. 152). The VOC loss with respect to the bandgap (Eg/q − VOCSQ) increases by only 
about 6 meV as the bandgap increases by 100 meV. Therefore, Eg/q−VOC
SQ does not 
vary appreciably for typically used photovoltaic materials. For c-Si with Eg ≈ 1.12 eV, 
the Eg/q − VOCSQ is about 250 meV (REF. 153) and for methylammonium lead iodide 
(MAPbI3) with Eg ≈ 1.55 eV, the Eg/q − VOCSQ is about 280 meV (REF. 154). The VOC in a solar 
cell is determined by the non-radiative recombination of photogenerated charges, 
which reduces the splitting of the quasi-Fermi level of electrons and holes  
(ΔVOCnon−rad = −kTln(EQEEL)), where EQEEL is the external quantum efficiency of electrical 
luminescence155, k is the Boltzmann constant and T is temperature. Therefore, 
reducing the defect density in solar cells is the main strategy to reduce ΔVOCnon−rad.  
An OIHP solar cell with a record EQEEL of 0.5%
156 resulted in a ΔVOCnon−rad of just ~0.13 V.
with a high EB of 75 meV (REF. 17) (FIG. 1b). These results 
suggest that MAPbI3 can be classified as a non-excitonic 
material in photovoltaic applications. Although differ-
ent exciton binding energies have been obtained using 
different techniques, a consensus has been reached that 
the direct generation of free charges dominates the con-
version process from photons to photocurrent in OIHP 
photovoltaic devices. The non-excitonic character ena-
bles the fabrication of planar homojunction or hetero-
junction thin-film solar cell structures for perovskite 
solar cells. Similar to the case for MAPbI3, MAPbBr3 
also exhibits non-excitonic behaviour with a slightly 
higher EB of 80 meV. Electric field-dependent external 
quantum efficiency (EQE) measurements were con-
ducted for MAPbBr3 and organic excitonic material phe-
nyl-C61-butyric acid methyl ester (PCBM) in the same 
device22. Excitons in MAPbBr3 attained a maximum 
dissociation without the assistance of an external field, 
in sharp contrast to PCBM (FIG. 1c). The free-charge gen-
eration under illumination in relatively narrow bandgap 
perovskites, such as MAPbI3, contributes to the small 
VOC loss in OIHP solar cells.
The EB in perovskites is also found to be sensitive to 
their microstructure23 (FIG. 1d). Using transient absorption 
spectroscopy, the exciton features in MAPbI3 were found 
in samples with large grain sizes of ~1 μm. In perovskite 
thin films with small grains, disorders and variations of 
electrostatic potential decrease the EB and suppress exci-
ton formation, which explains why the strong excitonic 
peak of MAPbI3 can only be observed in large single crys-
tals24 (FIG. 1e). A very recent study revealed strong heter-
ogeneity in terms of free carrier or exciton generation in 
perovskite grains using transient absorption microscopy 
with a spatial resolution of 150 nm. It was found that both 
excitons and free charges are generated in single per-
ovskite grains but are spatially separated. Excitons were 
more likely generated at locations with higher crystallin-
ity, and free charges were found at the centre of grains 
with many small domains25. The definition of ‘grain’ 
should be unified, because each grain actually comprises 
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Figure 1 | Exciton or free charge generation under illumination in OIHPs? a | Real (εʹ) and imaginary (εʹʹ) parts of the 
dielectric constants of methylammonium lead iodide (MAPbI3). The exciton binding energy is calculated using the Wannier 
equation as depicted in the figure, where μ is the exciton effective mass, m0 is the electron mass, ε0 is the vacuum 
permittivity, q is the elementary charge and ħ is the reduced Planck constant. b | Simulation of the free charge fraction over 
the total excitation density (x = nFC/n) at thermal equilibrium, where nFC and n are the density of free charges and total 
excitation, respectively. The PV region is the photovoltaic region, c | External quantum efficiency (EQE) spectra of MAPbBr3 
solar cells with a phenyl-C61-butyric acid methyl ester (PCBM) layer under increasing reverse bias from 0 to −4 V; EQE signals 
between 560 and 700 nm are attributed to the PCBM. d | Transient absorption spectra at room temperature (at 1 ps pump–
probe delay) of samples with small (<200 nm) and large crystals (~1 μm). e | Normalized EQEs of 3 mm- and 200 mm-thick 
MAPbI3 single-crystal photovoltaic devices and a MAPbI3 polycrystalline thin-film device. f | Absorbance of the MAPbBr3 
perovskite single crystal (red line) obtained from ellipsometry measurements. f, frequency; OIHP, organic–inorganic hybrid 
perovskite. Part a is adapted with permission from REF. 16, Macmillan Publishers Limited. Part b is adapted with permission 
from REF. 17, Macmillan Publishers Limited. Part c is adapted with permission from REF. 22, Wiley-VCH. Part d is adapted 
with permission from REF. 23, Macmillan Publishers Limited. Part e is adapted with permission from REF. 24, AAAS. Part f is 
adapted with permission from REF. 27, Macmillan Publishers Limited.
many grains owing to the special grain-growth process 
used in this study.
Excitons have been found to contribute to light absorp-
tion, particularly those that are close to the band edge of 
MAPbI3. The absorption spectrum of MAPbI3 has been 
decoupled to the excitonic and continuum transitions, 
resulting in a direct bandgap of 1.64 eV for MAPbI3 
(REFS 26,27) (FIG. 1f), which agrees with a previous study on 
the photoluminescence of a single crystal in which exciton 
emission was inhibited24. The contribution of excitonic 
transitions to the absorption spectrum could probably 
also contribute to the small Urbach energy of perovskite 
materials. In large perovskite crystals, the absorption 
spectra extend by 50 nm into the longer wavelength range. 
In devices based on thick crystals, photogenerated charges 
can still be efficiently collected across the very thick crys-
tals, contributing to a larger photocurrent. Thus, tuning 
the crystal size can narrow down the effective bandgap 
without changing the composition of the perovskite. The 
origin of the optical transitions that result in extension of 
the absorption spectrum and narrowing of the bandgap 
is unknown. We speculate that they might be related to 
bound excitons, impurity-related tail states or the indirect 
absorption of the perovskite.
In addition to composition and microstructure, the 
dimensionality of the crystal structure also influences 
exciton binding energies. Recently, 2D hybrid perov-
skites, consisting of lead iodide octahedral layers inter-
calated with large organic cations as spacers, have gained 
considerable research interest because of the prospect 
of enhancing moisture stability28–31. Two-dimensional 
perov skites are essentially quantum wells: the charge car-
riers are mainly confined in the lead iodide octahedral 
planes because the organic layers have a larger bandgap 
and smaller dielectric constant. However, 2D perovskites 
suffer from having much larger exciton binding energies 
owing to spatial quantum confinement32. Exciton bind-
ing energies of 380 and 270 meV have been reported 
in (BA)2(MA)n – 1PbnI3n + 1 exfoliated single crystals with 
n = 1 and 2, respectively, with the exciton binding quickly 
approaching that of the 3D structure with increasing n 
(REFS 33–35). Nevertheless, large exciton binding energies 
have not prevented 2D perovskites from being applied 
in stable and high-efficiency (PCE >12%) solar cells33. 
An important question arising in the community is how 
excitons in 2D perovskites can be efficiently dissociated 
into free carriers. In a recent study, it was proposed that 
excitons in 2D perovskites dissociate into long-lived free 
carriers with the help of the edge states33. The nature 
of the proposed edge states is not yet clear. However, 
in this study, the edge states were only observed in 2D 
perovskites with n ≥ 3, in which the EB is much smaller. 
Therefore, despite solid evidence for the presence of edge 
states in 2D perovskites, their contribution to the efficient 
conversion of excitons to free charge carriers is not yet 
clear. More in-depth investigations of the charge-carrier 
dynamics in 2D perovskites, especially for low values of 
n, are urgently needed to enable further optoelectronic 
applications.
Charge recombination rate. A longer carrier recombina-
tion lifetime is needed for larger VOC because it enables 
a higher carrier concentration (or a larger quasi-Fermi 
level splitting) for solar cells under illumination. The 
charge recombination in a semiconductor material can 
be described by the following equation36:
dn
dt





where G is the charge generation rate, k1 is the mono-
molecular charge recombination rate constant, k2 is the 
bimolecular charge recombination rate constant and 
k3 is the Auger charge recombination rate. The Auger 
charge recombination is generally weak compared with 
other recombination channels at normal solar cell oper-
ating conditions (that is, under 1 sun illumination with 
a carrier concentration of 1015–1016 cm−3). Different 
techniques, including time-resolved photo luminescence 
(TRPL), transient spectroscopy and time-resolved 
microwave conductance (TRMC), have been used to 
determine the values of k1 and k2; the results are sum-
marized in TABLE 1 (REFS 37–45). Bimolecular (or sec-
ond-order) recombination rate constants are typically 
reported to be in the range of 10−11–10−9 cm3 s−1 at room 
temperature for both polycrystalline films and single 
crystals, which is about 3–5 orders of magnitude lower 
than what is predicted by the Langevin model46. The 
reported monomolecular (or first-order) recombina-
tion rate constant in most polycrystalline MAPbI3 films 
is between 10−7 and 10−6 s−1, but it can reach 10−5 s−1 or 
slower (that is, a photoluminescence lifetime of 10 μs 
or longer) in passivated polycrystalline films and single 
crystals24,47,48. The very weak bimolecular charge recom-
bination makes monomolecular charge recombination 
the dominant recombination process in most polycrys-
talline perovskite films under low excitation intensity.
An important question that needs particular atten-
tion is how to accurately measure the first-order charge 
recombination lifetime. TRPL has been frequently 
applied to evaluate the quality of the perovskite films, 
but the measured lifetime does not correspond to the 
charge recombination lifetime in the device under 
open-circuit conditions. The photoluminescence lifetime 




MAPbI3 TRPL 1.5 × 10−5 6.0 × 10−11 37
MAPbI3 Transient spectroscopy 1.4 × 10−5 9.2 × 10−10 38
MAPbI3 − xClx Transient spectroscopy 5 × 10−6 9.0 × 10−11 38
MAPbI3 − xClx Transient spectroscopy 1.2 × 10−5 1.1 × 10−10 39
MAPbI3 TRPL 1.8 × 10−5 1.7 × 10−10 40
MAPbI3 − xClx TRPL 3.2 × 10−6 1.3 × 10−10 41
MAPbI3 Transient spectroscopy 2.3 × 10−9 42
MAPbI3 − xClx Transient spectroscopy 7.4 × 10−11 43
MAPbI3 TRMC 7 × 10−6 1.3 × 10−9 44
MAPbI3 TRMC 8.0 × 10−12 45
k1, monomolecular charge recombination rate constant; k2, bimolecular charge recombination rate 
constant; TRPL, time-resolved photoluminescence; TRMC, time-resolved microwave conductance.
of surface-passivated perovskite films can be as long as 
several microseconds49, whereas the charge recombina-
tion lifetime measured in solar cells under open-circuit 
conditions is only in the sub-microsecond range, even for 
optimized devices with PCEs of >20%. This is because 
the charge transport layers in real devices can accelerate 
charge dissociation (that is, the separation of photogen-
erated electrons and holes) such that the radiative charge 
recombination is too weak to be monitored in TRPL 
measurements. This suggests the existence of an addi-
tional carrier recombination channel in real devices, the 
understanding of which could help further enhance the 
device efficiency. A recent study of the single-wall car-
bon nanotube (SWCNT)/perovskite interface revealed 
a carrier lifetime of several hundred microseconds for 
charge-separated states in thin films deposited on glass 
without electrodes50. Therefore, the TRPL lifetime of per-
ovskite thin films should not be considered as a device 
parameter, although it can be a parameter to evaluate 
the defect density and suitability of the material for solar 
cells; this is owing to the commonly observed correla-
tion between the photoluminescence lifetime and device 
efficiency.
Excellent progress has been made in understanding 
the ultralong charge carrier recombination lifetime in 
hybrid perovskites. First-principles calculations predict 
that the Rashba spin–orbit coupling effect can change 
the positions of the conduction band minimum (CBM) 
and valence band maximum (VBM) in k space51, leading 
to a reduced radiative recombination rate. As a result, 
OIHPs exhibit similar radiative recombination behav-
iour to indirect semiconductors51. Experimental verifi-
cation or disproval of this hypothesis will be interesting. 
It is not surprising that single-crystal perovskites can 
have long photoluminescence lifetimes (above 10 μs), 
because a similar recombination lifetime was observed 
in very intrinsic semiconductor GaAs crystals with 
doping concentrations as low as those of hybrid per-
ovskites52. Nevertheless, it is very surprising that the 
recombination lifetime of polycrystalline films formed 
by a low-temperature solution process can be as long as 
hundreds of nanoseconds, despite their grain size being 
similar to those of CdTe or CIGS thin films. The easy 
crystallization due to the ionic nature of inorganic salt 
precursors should contribute to the low point defect 
density in perovskite materials. An in situ X-ray scat-
tering study revealed a low crystallization activation 
energy barrier of 56.6–97.3 kJ mol−1, depending on the 
different lead salts used as precursors53. By contrast, 
the nucleation and crystallization activation energy of 
amorphous silicon (a-Si) can be as high as ~470 and 
280 kJ mol−1, respectively54. Benefiting from such a low 
crystallization energy barrier, perovskite thin films with 
excellent crystallinity and low defect density have been 
fabricated by a range of techniques, including low-tem-
perature solution processes, which is an advantage for 
commercialization considering the low processing cost. 
Moreover, the important concept of defect tolerance for 
hybrid perovskite materials was proposed to explain 
the long carrier recombination lifetime of polycrystal-
line films; we discuss this further in the next section55. 
Most of the polycrystalline films in solar cells with 
efficiencies >20% still have a film photoluminescence 
lifetime much shorter than 10 μs. This indicates that the 
efficiency or VOC of these state-of-the-art solar cells is 
still limited by the trap-related charge recombination in 
the perovskite films, in addition to the charge recombi-
nation at the perovskite/electrode interfaces.
Charge screening. Non-Langevin-type bimolecular 
recombination (the Langevin model proposes that the 
bimolecular recombination coefficient is determined 
by e(μe + μh)⁄(εε0), where e, μe, μh and εε0 are the electron 
charge, electron mobility, hole mobility and dielec-
tric constant, respectively) is generally seen in almost 
all efficient solar cell technologies, such as GaAs and 
organic bulk heterojunction solar cells. This is particu-
larly important for absorbers with much larger carrier 
mobility than organic molecules because the coefficient 
of Langevin-type bimolecular recombination is propor-
tional to carrier mobilities. In general, a charge screen-
ing mechanism should reduce second-order charge 
recombination. The large dielectric constant of hybrid 
perovskite materials screens electrons and holes such 
that they do not feel each other’s presence. Several other 
mechanisms have been proposed to explain the slow 
recombination of electrons and holes after free-charge 
generation in hybrid perovskites, as discussed below.
A hypothesis raised at the initial stages of perovskite 
solar cell research was that of a polarization field arising 
from the possible ferroelectricity of perovskites, which 
facilitates the separation of electrons and holes56,57. 
The perovskite structure leads one to wonder whether 
MAPbI3 is ferroelectric and whether the ferroelectric-
ity, if present, contributes to the superb photovoltaic 
performance and the notorious photocurrent–voltage 
hysteresis. In both theoretical and experiment studies, 
it remains controversial whether MAPbI3 is ferroelec-
tric. From a theoretical point of view, a large variation 
of the electric polarization from 4–38 μC cm−2 has been 
predicted58,59. Nevertheless, the existence of polariza-
tion has been questioned because the antiferroelectric 
tetragonal structure is more stable than its ferroelectric 
counterpart60. It was argued that the tetragonal phase 
of MAPbI3 is centrosymmetric and should not display 
ferroelectricity at room temperature61–63. Thus, it would 
seem that the origin of possible polarization must rely on 
the ordering of dipoles of the organic cations. However, 
theoretical predictions and experimental evidence 
have recently emerged for the rapid rotation of MA+ 
ions in the inorganic cages at room temperature59,64–66. 
Experimentally, domain-like structures have been 
observed by piezoresponse force microscopy (PFM) 
imaging67; however, reliable measurements of polariza-
tion–electric field (P–E) loops in MAPbI3 devices have 
not been reported4,68. The ‘banana-shaped’ P–E loops 
obtained for many ferroelectric films could come from 
either back-to-back diodes69, ion migration or the leak-
age of current70. To prove the existence of ferroelectricity 
at the macroscopic level, convincing remnant polariza-
tion has to be measured below the Curie temperature. 
In many studies, after carefully excluding the influence 
of charge leakage by using a classical Sawyer–Tower 
circuit, no appreciable stable remnant polarization in 
MAPbI3 was detected at room temperature58,71,72 (FIG. 2a). 
The signals from PFM may come from artefacts such as 
injected charges from the excessively large applied elec-
tric field during the poling process, ion migration, grain 
orientation-dependent surface charge density, or even 
surface sensitivity to the atmosphere. Ferroelectric-like 
behaviour in several non-ferroelectric materials has been 
observed by PFM73,74. However, direct evidence, such as 
temperature-dependent polarization, and dielectric and 
structural measurements, is required to verify whether 
ferroelectricity exists in these materials.
Despite the difficulty in verifying the ferroelectricity 
of MAPbI3, a combination of microscopic and nanoscale 
techniques has provided solid evidence for the existence 
of ferroelastic domains in both MAPbI3 polycrystalline 
films and single crystals in the pristine state and under 
applied stress75,76 (FIG. 2b). A clear domain structure with 
70° and 109° domain walls can be identified with polar-
ized optical microscopy using bulky single crystals, and 
with PFM using polycrystalline thin-film samples. The 
presence of these domain walls can be explained by the 
recent confirmation of the existence of different orienta-
tions of twinning domains in the tetragonally structured 
MAPbI3 (FIG. 2c) with direct measurement of crystallo-
graphic orientation inside a single ‘grain’ (REF. 77). When 
the crystal was placed under stress, the change of the 
crystal orientation moved the domains walls, which 
then remained fixed after removal of the stress, similar 
to the polarization of ferroelectric dipoles. The motion 
of ferroelastic domains under applied stress in both 
single crystals and polycrystalline films was directly 
observed under polarized optical microscopy and PFM, 
respectively (FIG. 2d). A similar domain structure was also 
observed by photothermal induced resonance (PTIR), 
which measures changes in the crystallographic orien-
tation-dependent thermal expansion coefficient. The 
twinning domain of MAPbI3 observed by PTIR did not 
respond to applied electrical bias, suggesting the absence 
of ferroelectricity in MAPbI3 (REF. 76).
Although there has been no conclusive experimental 
evidence presented in the literature for a ‘thermodynamic’ 
ferroelectric phase in the dark, photoferroelectricity in 
these materials (that is, the photoinduced reordering of 
organic cation dipoles, such as MA+ and FA+, where FA 
is formamidinium) was recently predicted to be ener-
getically favourable owing to the weakened hydrogen 
bonds between organic cations and inorganic cages in 
the excited state. The thermalization energy also assists 
the photoinduced organic cation dipole reordering pro-
cess78. This can explain the observed fivefold enhance-
ment in piezoelectricity of MAPbI3 under illumination72 
and may also be responsible for the recently reported 
photorestriction79. Nevertheless, photorestriction still 
needs to be verified through measurements on the 
macroscopic scale, because nanoscale SPM measure-
ments are subject to many artefacts. By the same token, 
light-driven molecular reordering also still needs to be 
experimentally verified, either by indirect comparison 
of the photopiezoelectricity of perovskites with polar or 
nonpolar cations (such as Cs+), or directly monitoring 
organic cations with infrared spectroscopy.
The effect of organic cations on charge recombina-
tion and the device VOC has also been investigated in 
hybrid perovskite materials. Without the assumption of 
ferroelectricity, a screen effect on the carrier recombi-
nation was suggested to be caused by the reorientation 
of polar organic cations80,81. In another study, MA+ was 
replaced with Cs+ in MAPbBr3; the devices constructed 
from both materials showed comparable VOC and effi-
ciency82. Efficient CsPbBr3 devices were difficult to 
make because of the excessively large bandgap of this 
material at room temperature. Recent demonstration 
of high-efficiency CsPbI3 devices with the ‘black’ phase 
stabilized by quantum dots also showed that organic 
dipole cations are not necessary for reaching a large VOC 
in perovskite solar cells83. The relatively lower efficiency 
of all inorganic perovskites is probably due to phase 
instability and non-optimized film morphologies. The 
band-edge carrier dynamics were compared in single 
crystals, MAPbBr3, FAPbBr3, and CsPbBr3, by transient 
spectroscopies that showed comparable carrier recom-
bination rates regardless of the cation types84. All these 
studies found that the organic cations are not essential in 
determining the optoelectronic properties of the hybrid 
perovskites and device performance. In one example, 
although the type of organic cation had no obvious 
impact on the band-edge charge recombination, it did 
have an astonishing screening effect on the thermali-
zation of hot carriers26,85 (FIG. 2e,f). The organic cations 
were found (in TRPL measurements) to be crucial for 
slowing the thermalization of energetic hot carriers in 
MAPbBr3 and FAPbBr3, whereas such a phenomenon 
was not observed in CsPbBr3. As shown in the lower 
panel of FIG. 2e, the band-edge emission (excited by 
low-energy 2.3 eV photons) remains almost invariant, 
whereas the hot-carrier luminescence (excited by high 
energy 2.6 eV photons) decays with a time constant of 
t = 160 ± 10 ps. The screening effect was attributed to the 
liquid-like reorientational motions of organic cations. 
Moreover, in an earlier study of the slow thermaliza-
tion of hot carriers in hybrid perovskites using transient 
absorption, a similar mechanism was proposed26. The 
long hot-carrier relaxation lifetime should result in a 
long hot-carrier diffusion length, given the large carrier 
mobility in perovskites. A quasi-ballistic transport as 
long as 600 nm within tens of picoseconds was directly 
visualized by imaging charge transport in MAPbI3 thin 
films with transient absorption microscopy86. Such long 
hot-carrier transport in principle will enable hot-carrier 
devices. Although this hot-carrier screening effect does 
not impact on the performance of regular perovskite 
solar cells, it may enable the harvesting of the hot carri-
ers to boost the power conversion efficiency of solar cells 
above the Shockley–Queisser limit.
Doping in perovskite semiconductors. Doping is impor-
tant for many electronic properties of semiconductors, 
such as conductivity and mobility. In solar cells, doping 
can directly change the charge carrier recombination 
rate87, diffusion length88 and contact resistance89, as well 
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Figure 2 | Electromechanical properties of OIHPs. a | Polarization tests of large crystal methylammonium lead iodide 
(MAPbI3)-based complete solar cells using the Sawyer−Tower circuit in the inset, where C0 is a linear capacitor as reference, 
Cx is the measurand capacitor (that is, a capacitor with a possible ferroelectric spacing layer), Vapp is the applied bias, V0 is the 
potential different on C0, and P is the polarization density. At high frequencies, the response is purely capacitive. At low 
frequencies, elliptic traces indicate the angular phase shift produced by resistive elements. b | Reflection mode polarized 
optical micrographs (crossed Nicols) showing contrast reversal of domain groups as a function of sample rotation relative to 
the polarizer–analyser (P–A) pair. At 0° relative angle the domain groups are indistinguishable, and at 45° and −45° the 
domain contrast is maximum (that is, θe = 90°). The white and black arrows indicate the P−A orientation. The light intensity 
of a bright dust particle is insensitive to the sample rotation. The scale bar is 5 μm in all panels. The right panel shows the 
permissible domains of the MAPbI3 tetrahedral phase. At the cubic-to-tetrahedral transition, the tetrahedral unit cell can 
form with the c axis aligned along any of the three axes (x, y, z) of the parental cubic phase, leading to three possible 
configurations (X, Y, Z). To preserve crystal integrity, the a axes of different domains must coincide75, leading to six possible 
domain orientations, which are characterized by domain walls intercepting at 0, 90° or 45° in the principal plains of the 
parental phase, and at ~70° and ~110° in the (110) plane. c | Schematic of the proposed twining structure composed of two 
crystal orientations in a MAPbI3 crystal and the corresponding twin domains. d | Atomic force microscopy topography 
images and piezoresponse force microscopy (PFM) signal amplitude mapping of an as-prepared polycrystalline MAPbI3 
film and a polycrystalline MAPbI3 film, in which the ferroelastic domains show clear switchable behaviour under applied 
force. e | Photoluminescence (PL) intensity decay kinetics at 2.3 eV (blue line) and 2.6 eV (red line). The photoluminescence 
intensity at 2.6 eV has been multiplied by a factor of 1,500. f | Crystal structure of MAPbI3 represented by an ABX3 primitive 
unit cell. The right panel shows the orientational disorder of MA molecules. FE, ferroelectricity; OIHP, organic–inorganic 
hybrid perovskite. Part a is adapted with permission from REF. 72, American Chemical Society. Part b is adapted with 
permission from REF. 16, AAAS. Part c is adapted with permission from REF. 16, Macmillan Publishers Limited. Part d is 
adapted with permission from REF. 76, AAAS. Part e is adapted with permission from REF. 85, AAAS.
as the VOC (REFS 90,91). The low doping concentration 
in perovskites may contribute to the long carrier dif-
fusion length because of low charge carrier scattering 
and recombination24, whereas a moderate doping con-
centration is preferred to reduce the internal resistivity 
of the solar cells and lead to larger VOC, as described by 
equation 1 (REF. 92). However, intentional extrinsic dop-
ing of hybrid perovskite materials is difficult to achieve 
because of the defect-tolerant nature and low activation 
energy for ion migration. Most polycrystalline per-
ovskite thin films that yield highly efficient solar cells 
and single-crystal perovskite films are very close to being 
intrinsic or weakly p-type93,94, which makes the study of 
doping concentration and doping type difficult with Hall 
effect measurements42. The self-doping properties can be 
explained by the similar formation energies of the dom-
inant donor and dominant acceptor12. Apparently, the 
self-doping level in perovskite materials is sensitive to the 
precursor composition and fabrication process param-
eters. Ultraviolet photoelectron spectroscopy (UPS) 
measurements showed that MAPbI3 films that formed 
from the pre-mixed precursor solution with more PbI2 
were more n-doped, and thermal annealing could con-
vert the p-type perovskite to n-type by removing MAI, 
which may also be related to the formation of metallic 
lead upon perovskite decomposition. Although n-type95 
doping has been observed in MAPbI3 under non-opti-
mized film formation conditions, these heavily doped 
films generally do not yield high-efficiency devices. Well-
controlled doping without reducing the carrier mobil-
ity and recombination lifetime needs to be achieved to 
further enhance the device VOC. It is worth mentioning 
that relevant characterizations of doping effects should 
be carried out in an inert environment. For example, a 
recent study into the anomalous photovoltaic effect in 
polycrystalline MAPbBr3 films found that the physically 
absorbed oxygen around grain boundaries can de-dope 
the perovskite films in a few minutes96.
Photon recycling. The photon recycling effect (that is, 
the reabsorption and re-emission by the photoactive 
layer itself) was proposed to contribute to the high VOC 
in GaAs solar cells and thus be responsible for increasing 
the PCE from 25 to 29%, because it allows the build-up 
of charge carriers in the active layer to increase the qua-
si-Fermi level splitting. The perovskite community is 
now asking the question of whether the photon recycling 
effect also contributes to the large VOC in perovskite solar 
cells. In fact, there are many similarities between per-
ovskites and GaAs. For example, both are direct band-
gap materials and exhibit high absorption coefficients 
near the band edge (~103 cm−1), which gives rise to high 
self-absorption ratios. These properties meet some of 
the prerequisites for photon recycling. Recently, the first 
experimental evidence for the photon recycling effect in 
MAPbI3 polycrystalline thin films was reported, showing 
that charge generation was observed more than 50 μm 
from the light-absorbing region97 (FIG. 3a–c). Meanwhile, 
a method was developed to determine the photon recy-
cling efficiency in organic–inorganic hybrid single-crys-
tal perovskites by differentiating emitted and reabsorbed 
photons on the basis of their polarization difference98. 
It was found that the photoluminescence signal from the 
crystals was dominated by the filtered photolumines-
cence emission of the surface, while emission after mul-
tiple cycles of reabsorption and re-emission is very weak 
(FIG. 3d–f). In these systems, the efficiencies of photon 
recycling were less than 0.5%, showing negligible pho-
ton recycling effects under the solar cell working con-
ditions (that is, close to 1 sun illumination intensity at 
room temperature). The low photon recycling efficiency 
may be attributed to the low internal photo luminescence 
quantum yield (PLQY) of the perovskite thin films and 
single crystals. Although a record PLQY of 93% has been 
reported for OIHP-based nanoparticles, this may result 
from the quantization effect due to spatial confinement, 
oscillator strength of the excitons and an increase in the 
binding energy. Accurately measuring the internal PLQY 
of perovskite thin films is difficult because of the small 
escape cone of emitted light inside the films. Using very 
rough perovskite films to enhance light outcoupling, a 
recent study showed that the PLQY was only as high 
as 60%99, in contrast to the value of 99.7% achieved in 
GaAs at room temperature, despite the excitation inten-
sity being nearly two orders of magnitude higher for the 
perovskite film. Another challenge for realizing photon 
recycling in perovskite solar cells is that the electron- 
and hole-transport layers, which are necessary compo-
nents in current cell configurations, inevitably quench 
the photoluminescence, resulting in a lower PLQY even 
under open-circuit conditions.
High electronic dimensionality. Recently, the concept 
of electronic dimensionality was introduced to partially 
explain why MAPbI3 exhibits excellent photovoltaic 
properties whereas other metal halide perovskite absorb-
ers do not100. Conventionally, structural dimensionality 
has been used as one metric to account for photovoltaic 
properties and device performances of absorbers101–103. 
The electronic dimensionality is defined by the connec-
tivity of the electronic orbitals that comprise the lower 
conduction band and the upper valence band. The elec-
tronic dimensionality is better than the conventional 
structural dimensionality for explaining photovoltaic 
properties, such as bandgaps, carrier mobilities, defect 
levels and device performances, of all reported halide 
perovskites. Although some perovskites are both struc-
turally and electronically 3D, some are structurally 3D 
but exhibit lower-dimensional electronic structures. 
For example, MAPbI3 is both structurally and electron-
ically 3D, whereas some double perovskites, such as the 
Ag- and Bi-containing halide double perovskites, are 
structurally 3D but electronically 0D. The electronic 
dimensionality partially explains why MAPbI3 exhibits 
superior photovoltaic properties, whereas metal halide 
double perovskites show rather poor photovoltaic prop-
erties. Low electronic dimensionality also implies that, 
at a minimum, the absorber films must be grown with 
special crystallographic orientation to facilitate effec-
tive carrier transport. The high electronic dimensional-
ity provides important guidance for understanding the 
performances of solar cells.
Defect physics of hybrid perovskites
Band tail of perovskites. The calculation of VOCSQ assumes 
a perfect abrupt or step-function absorption coefficient 
of a light absorber (in other words, there is no absorption 
below the optical bandgap), which results in an over-
estimation of the attainable maximum VOC. In a real-
istic solar cell, the absorption spectrum is non-abrupt, 
because there is always an absorption tail due to various 
reasons, such as defects. Therefore, the maximum attain-
able VOC — the radiative recombination limit (VOCrad) — is 
defined by the balance of the radiative charge recombi-
nation current and the photocurrent. For any type of 
solar cell, VOCrad (which constitutes a path for VOC loss 
due to sub-bandgap recombination) is much smaller 
than VOCSQ). OIHP photovoltaic devices are blessed with 
very small VOC loss of this type because of the small 
sub-bandgap absorption.
The absorption spectra of OIHPs have very steep 
band edges. The steepness of the absorption edge is 
characterized by the Urbach energy, which is defined 
as the slope of the exponential part of the absorption 
coefficient curve. The Urbach energy of polycrystalline 
MAPbI3 was reported to be ~15 meV at room tempera-
ture104,105, which is close to that of single crystalline sil-
icon (~11 meV) and GaAs (~7.5 meV)104,106, suggesting 
a well-ordered microstructure and low density of deep 
traps in solution-processed polycrystalline MAPbI3 thin 
films. This is directly supported by improvements in 
crystallinity and phase purity in wide bandgap polycrys-
talline perovskite materials with Cs+ incorporation, in 
which a reduced Urbach energy resulted in an increased 
device VOC and efficiency107. The contribution of absorp-
tion from excitons should also contribute to the small 
Urbach energy of perovskite materials.
Point-defect tolerant hybrid perovskites. It is now gen-
erally accepted that the low density of charge traps in 
OIHPs contributes to the large VOC of these solar cells; 
however, our understanding of the charge traps is still at 
an early stage. The unusually low density of deep traps 
derived from the absorption spectra of polycrystalline 
OIHP films may relate to the unusual defect physics of 
this family of materials. Although most OIHP devices 
are fabricated by low-temperature solution processes, the 
trap density is small compared with other polycrystalline 
inorganic solar cells. For example, the bulk trap density 
in polycrystalline perovskite thin-film-based devices is 
in the range of 1015–1017 cm−3. Perovskite single crystals 
grown by simple solution-processed methods have an 
extremely low trap density of ~1010 cm−3 (REF. 24) (FIG. 4a), 





















































































































Figure 3 | Photon recycling effect in OIHPs? a | Schematic illustration of the microscope setup for photon recycling 
measurements. b | Experimentally measured light emission map for different separation distances between excitation 
and collection. c | Comparison between experiment (solid lines) and expected decay (dashed lines) from the Beer–
Lambert law at 765 and 800 nm. The experimental data are not in agreement with simple linear absorption, which 
suggests that additional processes, such as photon recycling, maintain substantial photon intensity at large distances. 
d | Schematic of the photon recycling process in perovskite single crystals. Photoluminescence (PL) excited on the 
surface of the single crystal is absorbed during transmission through the crystal and photons are re-emitted inside the 
crystal, such that the emission from the bottom of the single crystal includes both the filtered (PLF) and recycled (PLR) 
photoluminescence. e | Photoluminescence generated at the surface (blue curve) and the filtered and recycled 
photoluminescence (PLF + PLR; red curve) spectra of a 1.3 mm-thick methylammonium lead bromide (MAPbBr3) single 
crystal. The difference between the blue curve and red curve is due to the self-absorption of MAPbBr3 single crystals. 
f | Combined filtered and recycled photoluminescence (PLF + PLR; red curve) and the recycled photoluminescence (PLR; 
blue curve) spectra. The re-emission ratio defined by PLR/PLfront-surface is very low. a.u., arbitrary units; OIHP, organic–
inorganic hybrid perovskite. Parts a–c are adapted with permission from REF. 97, AAAS. Parts e and f are adapted with 
permission from REF. 98, Macmillan Publishers Limited.
which is comparable to the best value reported in intrin-
sic crystalline silicon (c-Si).
The unusual defect physics in OIHPs was recently 
revealed55. The formation energies and energy levels of 
all possible point defects in MAPbI3 are calculated and 
shown in FIG. 4b,c. All point defects that can form deep 
traps have large formation energies and are not likely 
to affect the device performance, whereas most point 
defects that exist in the bulk of MAPbI3 either have 
energy levels in the conduction or valance bands or form 
relatively shallow traps. The defect-tolerant electronic 
properties of the OIHPs have been confirmed in other 
studies. For example, a superior synthesis of MAPbBr3 
single crystals with a more appropriate precursor ratio 
resulted in an almost doubled transparency of the sin-
gle crystals (which indicates a dramatically reduced 
defect density in the bulk crystals), whereas the mobil-
ity-lifetime products were only slightly improved (by 
less than 30%)108. In another case, the energy levels of 
MAPbI3 were observed to be unchanged even after the 
loss of about 20% of the iodine from the films (FIG. 4d) 
— another indication of defect-tolerant behaviour109. 
Recent studies have also proposed that light illumination 
could further annihilate the defect pairs in perovskites by 
prompting ion migration110,111, which results in a small 
effective trap density in optical measurements and in 
device operation. As a result, the non-radiative recom-
bination losses in perovskite solar cells further decrease 
under device operation.
The relatively low trap density in polycrystalline 
OIHPs can also be ascribed to the easy crystallization of 
perovskite materials. An in situ X-ray scattering study 
revealed a low crystallization activation energy barrier 
in the range of 56.6–97.3 kJ mol−1, depending on the dif-
ferent lead salts used in the precursors53. By contrast, the 
crystallization activation energy of amorphous silicon 
(a-Si) reaches ~471 kJ mol−1. Benefiting from such a low 






































































































































































Figure 4 | Defect tolerance of OIHPs. a | Trap density of states in methylammonium lead iodide (MAPbI3) 
polycrystalline thin films and single crystals, where Eω is the trap depth. b | Formation energies of intrinsic point defects 
in MAPbI3. Defects with much higher formation energies are displayed as dashed lines, where MAi is an interstitial MA 
ion; Ii is an interstitial I ion; MAPb is the Pb site occupied by an MA ion; VMA is a vacancy of an MA ion; and VPb is a vacancy 
of a Pb ion. c | Transition energy levels of intrinsic acceptors (left panel) and intrinsic donors (right panel) in MAPbI3, 
where Ipb is the Pb site occupied by an I ion; IMA is the MA site occupied by an I ion; PbMA is the MA site occupied by a Pb 
ion; VI is a vacancy of an I ion; Pbi is an interstitial Pb ion; MAI is the I site occupied by an MA ion; and PbI is the I site 
occupied by a Pb ion. d | Electronic defect tolerance in MAPbI3. The valence band shift relative to the Fermi level is 
plotted as a function of the I/Pb ratio. OIHP, organic–inorganic hybrid perovskite. Part a is adapted with permission 
from REF. 24, AAAS. Parts b and c are adapted with permission from REF. 55, American Physical Society. Part d is adapted 
with permission from REF. 109, American Chemical Society.
excellent crystallinity and low density of defects could 
be fabricated by a diverse range of techniques, especially 
low-temperature solution processes, which would be a 
competitive edge for commercialization considering the 
low processing cost.
Surface and grain boundary charge traps. Despite the 
point-defect tolerance of OIHP materials, the presence 
of extended defects, such as grain boundaries and inter-
faces, increases the trap density, as evidenced by the 
orders-of-magnitude smaller trap density measured in 
perovskite single crystals. The higher density of defects 
on grain boundaries and interfaces could be caused by 
the fact that the surfaces of the material do not neces-
sarily have stoichiometric compositions. For example, 
evaporation of the organic component from the crystal 
surface can leave a large density of defects after anneal-
ing, while thermal annealing is generally used to increase 
the grain size of polycrystalline films after film depo-
sition. Even the surfaces of OIHP single crystals can 
be rich in defects, as demonstrated by narrow-band 
photodetectors made of single crystals112. In this exam-
ple, surface recombination of photogenerated charges 
quenched the photoresponse of short-wavelength light, 
which has a relatively small penetration depth compa-
rable to the thickness of the surface defect layer (FIG. 5a). 
Only charges generated by light with energy close to the 
band edge were effectively collected and contributed to 
the photoresponse, which made the photodetectors sen-
sitive only to light with energy close to the band edge 
and with a narrow bandwidth of 20 nm. This significant 
surface recombination in many materials also explains 
the substantially different photoluminescence lifetimes 
obtained in perovskite single crystals when the inci-
dent light has an apparently different penetration depth 
(FIG. 5a).
Charge recombination at the surfaces of perovskite 
materials has proven to be more complicated than ini-
tially thought as the study of this process continues. Each 
facet of the perovskite surfaces is different in terms of 
defect density. The synthesized MAPbI3 bulk single crys-
tals only have two facets of (100) and (112), whereas the 
polycrystalline films have many orientations, including 
(110), (202), (310) and (314), as identified from regular 
X-ray diffraction patterns. Only the (100) plane is intrin-
sically non-charged, but other charged planes (or orien-
tations) do exist in polycrystalline film samples. There
may be other ions to balance the charges at the surface,
either by additional ions from the precursor or ions from
the environment. It is also possible that some charged
surfaces remain unbalanced. In addition, the binding
energy of organic components at each facet can also be
different, and thus, the generated defect density should
be facet-dependent. This was observed using photocon-
ductive atomic force microscopy, which revealed a VOC
variation of 0.6 V between different facets on the same
grain113 (FIG. 5b). However, the maximum VOC measured 
at the nanoscale was still smaller than in the macroscopic 
devices. It is questionable whether the facet-dependent
VOC measured on films without any charge transport
layers is correlated to the VOC of macroscopic devices.
In our recent study, we discovered a similar facet- and 
grain-dependent VOC with neat perovskite films depos-
ited on a hole-transport layer and measured with a 
Kelvin probe force microscope (KPFM); however, cover-
ing the perovskite films with an electron-transport layer 
of PCBM completely wipes out the difference between 
the grains and facets (J.H. et al. unpublished observa-
tions). This agrees well with the very good passivation 
effect of PCBM in reducing the density of defects of 
different facets114. It is not surprising that the grain ori-
entation is sensitive to the process and composition of 
the precursors that form the films. There are many cases 
in which polycrystalline perovskite films have preferred 
grain orientations (that is, some grains with a particular 
orientation dominate the polycrystalline films).
In addition to differences between facets, the surface 
composition of the crystals or thin films may be differ-
ent from that of the bulk, and thus may influence charge 
recombination. For example, a very different surface-atom 
arrangement of as-synthesized MAPbBr3 single crystals 
was observed compared with that of the free-surface 
obtained by cleaving115. It is not known yet whether the 
surface composition of the thin films will be dramatically 
different from the bulk composition, but the loss of vola-
tile organic cations would not be surprising during regular 
thermal annealing or even storage periods.
The surface recombination rate is also sensitive to 
the composition and the environmental vapour. Ozone 
treatment of MAPbBr3 single crystals was shown to 
significantly enhance the photoluminescence intensity 
as well as the radiative recombination lifetime from 
the crystal surface (FIG. 5c), and thus fully recovered the 
photoresponse in the short wavelength range. This sur-
face passivation by oxidation yielded an extremely low 
surface recombination rate of 64 cm s−1, as derived from 
photoconductivity measurements. This inspired the later 
discovery that physical absorption of oxygen and several 
other gases could also passivate the surface of MAPbBr3, 
with the demonstration of interesting reversible dim-
ming of the photoluminescence when vacuuming the 
crystals and brightening when exposed in air. A record 
low surface recombination rate of 4 cm s−1 was derived 
from the fitting of photoluminescence decay by consid-
ering the competition between the surface recombina-
tion and drift of the carrier away from the surface. This 
value is comparable to the best passivated silicon wafers, 
although the methods of evaluating the surface recom-
bination rate need to be unified in the future for a fair 
comparison. Similar results were subsequently reported 
in other studies84,116. By contrast, suppression of surface 
recombination by oxygen was not observed in MAPbI3, 
and the mechanism of this effect in MAPbBr3 still needs 
to be elucidated. Nevertheless, the greater tolerance of 
Br-containing perovskites to oxidation may imply a better 
stability of such materials in solar cell operations.
The presence of defects inevitably affects the opto-
electronic properties of perovskite materials as well as the 
device performance. The overlooking of surface recombi-
nation in early studies of carrier diffusion length resulted 
in a considerable underestimation of the carrier diffusion 
length. It is not difficult to distinguish the surface and 
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bulk charge recombination in single crystals: by taking 
into account the diffusion of charges away from the sur-
face, an additional channel of charge density decay — 
the intrinsic carrier diffusion length — can be derived. 
However, the diffusion of electrons and holes may inter-
act with each other in photoluminescence decay meas-
urements. If the electron mobility is significantly smaller 
than the hole mobility, the diffusion of holes may be 
dragged down by trapped electrons to maintain charge 
neutrality; the measured mobility and diffusion length 
is thus still limited by charges with lower mobility. To 
grasp the charge transport and diffusion information of 
materials, other techniques that are sensitive to the larger 
mobility-lifetime product, such as terahertz or micro-
wave photoconductivity-based measurements, should 
be applied to evaluate the majority carrier lifetime and 
mobility.
Although there is increasing consensus that the sur-
faces of most OIHP films are defect-rich, whether grain 
boundaries are benign is still under debate. Theoretical 
works have shown that ‘ideal’ grain boundaries — which 
are formed by connecting two clean surfaces — are elec-
tronically benign with negligible deep charge traps. A 
large VOC of 1.0–1.1 V was still achieved in the early 
stages of perovskite solar cell development when the 
grains were generally small, which indicates that grain 
boundaries might not be that defective. By contrast, we 
also noticed that a higher VOC was generally achieved 
with perovskite films that contained additives, such as 
Cl, which may passivate the grain boundaries. Later 
studies found that increasing the grain size with vari-
ous methods generally resulted in large VOC values117–120, 
although it is not known whether these larger-grain 
growth techniques also reduce the defect density of 
the film surface. Direct evidence has been reported 
for the quenching of charges by grain boundaries by 
the observation of dimmer photoluminescence, and 
quicker photoluminescence decay at grain boundaries 
with grain-scale photoluminescence imaging and local 
photoluminescence decay measurements121. However, 
the possible band bending close to the grain boundaries 
adds complexity to the interpretation of photolumines-
cence intensity and lifetime variation, and thus whether 
grain boundaries are benign remains an open question. 
It should be noted that grain boundaries in real OIHP 
films are highly likely to be non-ideal. Similar to sur-
faces, excess intrinsic and extrinsic impurities may be 
segregated at grain boundaries, affecting the electronic 
properties of the thin films.
Trap density characterization. Accurate characteriza-
tion of charge trap density in OIHP materials is a crucial 
step towards understanding the associated optoelec-
tronic properties of these materials, but is still highly 
challenging because of the unknown charge defect con-
figurations. The earliest direct measurement of charge 
trap density was carried out with thermal admittance 
spectroscopy, which gives the densities of charge traps 
at different energy depths. The presence of a large den-
sity of charge traps was shown to exist in as-grown 
perovskite films, which reduced device efficiency and 
caused photocurrent hysteresis102. The physical attach-
ment of MAPbI3 polycrystalline films with PCBM and 
C60 was found to reduce both shallower and deeper traps 
by about one to two orders of magnitude, indicating that 
the majority of the charge traps are located at the sur-
face of the perovskite films102 (FIG. 6a). In an initial optical 
study, a bulk trap density of ~5 × 1016 cm−3 was estimated 
from radiative recombination decay by assuming trap 
state recombination is much slower than band-edge 
radiative recombination; the surface trap density was 
found to be about threefold higher122. The short radiative 
recombination lifetimes measured in these studies indi-
cate a relatively low quality of polycrystalline films. To 
understand the intrinsic charge trap density, perovskite 
single crystals have been studied, whereby a trap-filled 
space-charge-limited current (FIG. 6b) was used to esti-
mate the trap density24,61,123,124. The yielded charge trap 
densities in MAPbI3 and MAPbBr3 single crystals were 
surprisingly small, of the order of 109–1010 cm−3, which 
is comparable to those of the best intrinsic silicon and 
GaAs. Thermal admittance spectroscopy showed a sim-
ilar result of a lower trap density in single crystals by two 
to three orders of magnitude compared with polycrystal-
line films. A trap density of 1.5 × 1013 cm−3 was directly 
measured in the MAPbI3 single crystals by time resolved 
microwave conductivity125. Because all crystals used 
in this study were the same, this excluded any effects 
caused by differences in crystal quality. Thus, different 
measurement methods examine different processes 
or different types of traps. It is highly likely that some 
charge traps did not have a significant role in determin-
ing the dark current, although they strongly impact the 
photocurrent signal.
Knowing the trap density of electrons and holes is 
important for understanding the limitations of these 
materials, which can guide the design of new perovskite 
materials with improved properties. However, most 
current measurements only reveal the total trap density. 
To separate the electron- and hole-conduction prop-
erties, the simple photoconductor structure shown in 
FIG. 6c was combined with charge acceptor layers that 
remove one type of charge and leave the other type in 
the perovskite layer126. Because charge transport mat-
erials have orders-of-magnitude smaller mobility 
Figure 5 | Surface charge recombinations in OIHPs. a | Schematic illustration 
showing that the charge recombination and collection under above-bandgap 
excitation is severely affected by surface traps, whereas under below-bandgap 
excitation it is less susceptible to surface-defect-induced recombination, resulting in 
significantly different photoluminescence (PL) lifetimes (bottom left part) and 
narrow-band photodetection (bottom right part). b | Atomic force microscopy image 
showing the topography of a polycrystalline perovskite thin film. Individual crystal 
grains and their facets are clearly visible (left part). Corresponding open-circuit voltage 
(VOC) map measured under illumination relative to a forward reference bias of 0.6 V 
(right part). Grey areas have VOC close to the reference bias, white areas above and 
black areas below. c | Photoluminescence spectra of a methylammonium lead bromide 
(MAPbBr3) single crystal in vacuum before and after UV–O3 treatment (left part). 
Photoluminescence lifetime of the MAPbBr3 single crystal obtained in vacuum and in 
air (right part). a.u., arbitrary units; OIHP, organic–inorganic hybrid perovskite. Part a 
(lower left) is adapted with permission from REF. 125, American Chemical Society. Part 
a (lower right) is adapted with permission from REF. 112, Macmillan Publishers Limited. 
Part c is adapted with permission from REF. 108, Macmillan Publishers Limited.
◀
than polycrystalline perovskite thin films, the photo-
conductivity is dominated by the contribution from the 
perovskite layer. One prerequisite for this measurement is 
that the lifetime of charge-separated states is sufficiently 
long so that a sizeable photoconductivity can be meas-
ured with a laterally structured photoconductor, because 
the photoconductivity is determined as the product of 
the carrier mobility and the carrier recombination 
lifetime127–129. Charge-separated states last for several 
hundred microseconds at the interfaces of MAPbI3 
and the electron acceptors PCBM130 and TiO2 (REF. 131), 
and single-walled carbon nanotube hole acceptors131,132. 
Steady-state photoconductivity measurements revealed a 
much higher hole conductivity than electron conductivity 
(FIG. 6c), which was attributed to a weaker trapping effect 
to holes in MAPbI3 than to electrons126. This is consistent 
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Figure 6 | Charge trap densities and surface passivation of OIHPs. a | Reduced density of shallow and deep traps 
(where Eω is trap depth) by C60 and phenyl-C61-butyric acid methyl ester (PCBM) surface passivation, where band 1 
includes shallow trap states with depths of 0.35–0.40 eV, band 2 includes trap states with depths of 0.40–0.50 eV, and 
band 3 includes deep trap states with depths over 0.50 eV. b | Current–voltage curve for a methylammonium lead iodide 
single crystal (MSC) device. The inset shows the device structure. Three regions can be identified according to different 
values of the exponent, n: n = 1 is the ohmic region; n = 2 is the space charge limited current (SCLC) region, and in 
between is the trap-filled limited region. c | Schematic of the symmetric laterally contacted device (top part). 
Photocurrent (10 V) as a function of intensity of above-bandgap (690 nm) excitation for devices shown in part b covered 
by a hole-accepting Spiro-OMeTAD layer, an electron-accepting PCBM layer or an inert poly(methyl methacrylate) 
(PMMA) layer. d | Density of the trap states (nt) within the bandgap: trap states are identified close to the conduction 
band (CB) and the valence band (VB). OIHP, organic–inorganic hybrid perovskite. Part a is adapted with permission from 
REF. 114, Macmillan Publishers Limited. Part b is adapted with permission from REF. 24, AAAS. Part c is adapted with 
permission from REF. 126, Royal Society of Chemistry. Part d is adapted with permission from REF. 135, Wiley-VCH.
with the measured larger hole mobility in single crys-
tals of MAPbI3 and MAPbBr3 (REF. 24), and also agrees 
with the slight p-doping of these two mat erials in single 
crystals and polycrystalline films24,108,133. Nevertheless, the 
difference between the electron and hole mobilities and/
or lifetimes may be exaggerated in these studies, because 
the gold electrodes used may not effectively inject elec-
trons to provide photoconductive gain, and the deposi-
tion of gold on the perovskite may also generate electron 
traps in the perovskite layer underneath the electrode. 
Thus, a better choice of electrodes in electron- and hole-
only devices gives more accurate electron- and hole-only 
currents134. In this particular study, although the hole 
current was several orders of magnitude larger than the 
electron current at high device bias (1–1.5 V), the qual-
ity of the perovskite films was not uniform, because the 
substrates (for example, surface energy) strongly affected 
the grain size and crystallinity of the perovskite films120. 
In another example, electron- and hole-only devices were 
constructed to measure the electron and hole trap dis-
tributions in single-crystal MAPbI3 (REF. 135). As shown 
in FIG. 6d, a low trap density of 3 × 1010 cm−3 was derived 
for holes, whereas the electron trap density was over ten-
fold larger. The application of a hole-injection layer of 
MoO3 may affect the accuracy of this measurement for 
hole-only devices, because MoO3 undergoes destructive 
chemical reactions with the perovskite136.
The charge trap density was directly measured at the 
surface of perovskite films with an all-optical method137. 
The enhanced absorption cross-section of the trap states 
by approximately three orders of magnitude allowed the 
direct observation of a high density of deep trap states by 
UPS using a low-energy ultraviolet source. A large den-
sity of hole traps was observed, which extended to the 
Fermi level for MAPbI3 films formed by thermal evapora-
tion. The authors speculated that a similarly high density 
of electron traps should exist below the valence band. It 
is frequently reported that MAPbI3(Cl) films made of 
precursors with Cl have longer photoluminescence radi-
ative recombination lifetimes and better thermal stability 
than MAPbI3 films, although the percentage of Cl that 
remains in the films is still unclear88,138,139. The fact that a 
comparable trap density was observed for MAPbI3 and 
MAPbI3(Cl) should remind researchers to pay particular 
attention when using vacuum-based UPS measurements 
for surface analysis of most perovskite polycrystalline 
films because of the low surface stability of perovskites in 
vacuum. We have observed the decomposition of uncov-
ered MAPbI3 surfaces in low vacuum over the course of 
several hours at the macroscopic level, which was greatly 
accelerated by illumination and even long UPS radia-
tion (for example, see the supplementary information of 
REF. 96).
The role of ion migration. Ion migration is a unique 
property of hybrid perovskites and is not present in other 
photovoltaic materials. Although ion migration has been 
reported to affect device operation in various ways, we 
instead focus on the beneficial role of ion migration on 
device efficiency and stability. Detailed reviews on the 
mechanism and effects of ion migration can be found 
elsewhere140–142. We have proposed and established that 
ion migration and associated ion accumulation could 
cause a chemical doping effect, which is a natural choice 
for the formation of an ohmic contact for high-efficiency 
solar cells with a p–i–n or n–i–p structure71 (FIG. 7a). 
Recently, an anomalous photovoltaic effect in laterally 
structured perovskite solar cells was discovered, whereby 
the largest obtained VOC of 18 V in a device with an elec-
trode spacing of 100 μm significantly exceeded the ratio 
of energy bandgaps (Eg) of the perovskite materials to 
electron charge96 (that is, VOC > Eg/q, FIG. 7b). This effect 
was observed with a group of perovskite materials as the 
photoactive layers, including MAPbI3, MAPbBr3 and 
CsPbBr3. Switchable diodes and an anomalous photo-
voltaic effect have been observed in ferroelectric materi-
als143; however, the anomalous photovoltaic effect in these 
hybrid perovskite devices was shown to be caused by the 
ion migration effect71,96,141,144. A KPFM study showed that 
the accumulation of ions and the associated doping effect 
is sufficient to cause large band bending around the area of 
accumulation, and also to form tunnelling junctions that 
may connect multiple cells96. Randomly dispersed tun-
nelling junctions in polycrystalline perovskites enable the 
accumulation of photovoltage on a microscale, leading to 
a VOC output that is proportional to the electrode spacing. 
This finding further confirms the potential of ion manip-
ulation in tuning the electrical properties of perovskite 
films (or interfaces) to enhance the device performance, 
despite the fact that the current random-dispersed tunnel-
ling junction is structurally different from the continuous 
tunnelling junctions in conventional tandem devices.
There is no reason that the accumulation of ions would 
not occur in regular, operating solar cells, because ion 
migration can be significantly enhanced under illumina-
tion. The accumulation of ions under working conditions 
was shown to actually enhance the device efficiency by 
providing an additional electric field to facilitate charge 
extraction145. This may contribute to enhanced device 
efficiency over time. Nevertheless, the ion back-diffusion 
that occurs when the devices are kept in the dark would 
negate the light-induced diffusion. Recently, a considera-
ble PCE enhancement by ion accumulation was reported 
by poling and measuring devices at lower temperature to 
effectively freeze ion back-diffusion (from 14% at room 
temperature to 19% at 170 K, FIG. 7a)146. The critical tem-
perature for a stabilized poling state was close to room 
temperature (250 K)146. This implies that ion migration 
could be beneficial for room temperature device opera-
tion if the ion migration activation energy (Ea) could be 
doubled such that the ion migration rate can be reduced 
by several orders of magnitude, if considering that the ion 
migration rate decreases exponentially with the ratio of 
Ea/kT, where kT is the thermal energy141,142.
There is little doubt that ion migration can impair 
the long-term device stability of perovskite solar cells 
under continuous operation by damaging the per-
ovskite layer or other layers. Nevertheless, some inter-
esting studies have shown that the short-term stability 
actually benefits from ion migration in the perovskite 
layer of devices operating under cycled illumination. A 
common observation for devices that are degraded after 
light exposure is that they can partially or completely 
recover their efficiency after storage in the dark (FIG. 7c). 
Although there are differences between studies in terms 
of the conditions for device self-healing (that is, in the 
dark147 or under light-soaking148), it is possible that the 
self-healing effect is related to the role of ion diffusion 
in the destruction and reconstruction of perovskite crys-
tals (FIG. 7d). Mobile ions could have a role in the curing 
of local lattice distortion or decomposition because the 
timescale for ions travelling through the film (seconds 
or minutes) is much shorter than that of film degrada-











Poling electric field (V µm–1)
Typical situation 1 Typical situation 2 t  < 0; nt 













































































































































t  ~  0; n
t
 





































































Light off Light offLight on Light on







Figure 7 | Ion migration in OIHPs. a | Schematic illustration of a methylammonium lead iodide (MAPbI3) solar cell with 
redistributed ions which form p- and n-type doping regions in situ and provide ohmic contact interfaces, where Ec is the 
conduction band energy, EF is the Fermi energy, EV is the valence band energy and Evac is the vacuum energy. b | Schematic 
illustration of an electrically poled polycrystalline perovskite film with a dispersed tunnelling junction formed by the 
accumulation of local ions, which causes dramatic band bending at grain boundaries and hence leads to an anomalous 
photovoltaic effect (VOC is the open-circuit voltage). c | Typical power conversion efficiency (PCE)–time plots of perovskite 
solar cells with different type of self-healing behaviour. In typical situation 1, the device shows a PCE drop after being 
stored in the dark, which is followed by gradual PCE self-healing after the light was turned on; in typical situation 2, the 
device shows a gradual PCE drop in continuous operation and then a partially or completely self-healing process once it 
was stored in dark. d | Schematic illustration showing the reduced trap concentration in MAPbI3 films due to the 
light-induced redistribution of mobile ions: that is, the iodide vacancies (δ+) are filled by excessive iodide ions (I−). 
e | Schematic illustration of the mechanisms of self-healing in MAPbI3 solar cells with polyethylene glycol (PEG) used to fill 
in the grain boundaries. The PEG traps the escaped MA+ ions in high-humidity environments, and the trapped MA+ 
released from PEG converts PbI2 grains to MAPbI3 grains when the humidity decreases. CB, conductance band; VB, 
valence band; ITO, indium tin oxide; nt, trap density; OIHP, organic–inorganic hybrid perovskite; PEDOT, poly(3,4-ethylene-
dioxythiophene); WF, work function. Part a is adapted with permission from REF. 71, Macmillan Publishers Limited. Part b is 
adapted with permission from REF. 96, AAAS. Part d is adapted with permission from REF. 111, Macmillan Publishers 
Limited. Part e is adapted with permission from REF. 151, Macmillan Publishers Limited.
between the MAPbI3 and PbI2 phases enabled by ion 
migration is fairly reversible150. An important issue for 
self-healing caused by ion migration is that the mobile 
ions should be sealed to prevent volatilization or chem-
ical reaction. Methods such as filling the grain bounda-
ries in MAPbI3 films with polyethylene glycol have been 
reported to prevent the loss of volatile MA cations and 
thus take advantage of the self-healing effect to extend 
device stability151 (FIG. 7e).
Conclusion and outlook
There has been tremendous progress in the past few years 
in understanding the unique properties of hybrid per-
ovskites and why these materials can make very efficient 
solar cells. In this Review, we have provided a critical dis-
cussion about the intrinsic electro- and optoelectronic 
properties of OIHP materials and tried to correlate 
these properties with the device working mechanisms 
and device performance. There is already consensus that 
many key material properties of solution-processed ionic 
OIHP films, such as light absorption, charge trap depth, 
exciton binding energies and charge diffusion length are 
comparable with or superior to the best properties of 
meticulously fabricated, covalently bonded photo voltaic 
materials (for example, Si, GaAs and CdTe) by high- 
temperature and vacuum methods. Many unique prop-
erties, such as a defect-tolerant nature, charge screening 
and ion migration, are now also well established.
Despite this progress, many important questions 
remain unanswered. Among all the interesting properties, 
the ferroelectric nature of MAPbI3 needs to be clarified. 
In this regard, studying the effects of tuning by the partial 
substitution of cations with FA+, Rb+, Cs+ or Co2+ will be 
interesting, and itself may provide a pathway to determine 
the function of the ferroelectric dipoles. Recent progress 
in further boosting the device efficiency heavily relies 
on composition engineering, whereby additional ions 
are introduced. The function of the added ions needs to 
be thoroughly understood to recognize the ‘limitations’ 
of the simple perovskite material of MAPbI3. Another 
important direction will be to determine a possible 
inherent correlation between the observed unique prop-
erties, including electric, mechanical, optical and spin 
properties. Although the large lattice constant and soft 
nature of OIHP materials gives rise to a pronounced 
ion migration effect, the ways in which these properties 
affect the favourably large material dielectric constant 
and structural stability are not clear yet. The mechanism 
of individual ion migration still needs to be thoroughly 
characterized. In addition, we need to gain an under-
standing of how individual and collaborative ion migra-
tion affects carrier recombination in the photoactive 
layer and at interfaces, as well as a better understanding 
of charge collection, current-voltage hysteresis and per-
ovskite stability. It is almost without any doubt that excit-
ing and new properties will continue to be discovered 
in OIHP materials. Our advanced understanding of the 
unique optoelectronic properties of OIHP materials may 
now lead to the discovery of promising non-toxic and 
air-stable perovskite light absorbers.
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